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Abstract 


The  thermal  performance  of  an  inductively  heated  film  sandwiched  between  two 
identical  adherends  is  investigated.  Models  for  infinite  conductivity  finite  thickness 
adherends,  finite  conductivity  semi-infinite  thickness  adherends,  and  finite  conductivity 
finite  thickness  adherends  are  presented.  Calculations  are  performed  for  polymer-matrix 
composite,  ceramic,  and  metal  adherends  for  a  variety  of  adherend  thicknesses.  The 
results  show  that  for  expected  bonding  applications,  film  heating  rates  will  be  reduced  by 
a  factor  of  10-100,  as  compared  with  insulated  film  heating  rates  with  no  attached 
adherends.  Higher  reductions  in  heating  performance  are  noted  for  ceramic  and  metal 
adherends  as  compared  with  composite  adherends.  However,  even  with  the  most  severe 
reductions  in  heating  rates,  bonding  with  inductively  heated  films  is  feasible. 
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1.  Introduction 


1.1  Motivation.  The  need  to  reduce  weight  and  improve  survivability  in  Army  vehicle 
and  weapons  systems  has  led  to  increasing  usage  of  polymer-matrix  composites  and  ceramic 
materials  for  structural  and  armor  applications.  These  materials,  however,  pose  major  chal¬ 
lenges  for  integration  into  complex  assemblies  due  to  limitations  in  joining  technology.  Unlike 
metallic  structures,  which  can  be  welded  or  fastened  mechanically,  composites  and  ceramics 
require  surface  bonding  methods  such  as  thermoplastic  hot-melt  bonding  or  adhesives.  Since 
each  material  satisfies  specific  performance  objectives,  final  assemblies  will  often  involve  mul¬ 
tiple  materials.  This  characteristic  requires  that  composites  and  ceramics  will  be  bonded  to 
many  different  materials,  including  metals  and  other  composites  and  ceramics. 

Recent  efforts  have  shown  the  potential  of  using  inductively  heated  films  for  bonding  [  1  ].  A 
thermoplastic  or  adhesive  is  doped  with  micron-sized  magnetic  particles.  In  a  high  frequency 
magnetic  field,  these  magnetic  particles  heat.  This  thermal  energy  melts  the  thermoplastic  to 
form  a  hot-melt  bond,  or  cures  the  adhesive.  Because  the  films  are  generally  thin  and  the 
magnetic  field  penetrates  completely  into  the  film,  heating  in  the  film  is  reasonably  uniform. 

For  magnetic  particle  film  bonding  to  be  feasible,  the  film  heating  rate  must  be  sufficient 
to  generate  the  time-temperature  profile  required  for  a  given  bonding  process.  Wetzel  and 
Fink  [1]  have  predicted  heating  rates  for  magnetic  particle  films  as  a  function  of  magnetic  field 
characteristics  and  material  properties.  However,  these  predictions  assume  an  insulated  film 
with  no  thermal  losses,  so  that  the  conductive  losses  into  the  adherends  are  neglected. 

In  this  report  we  construct  models  to  predict  the  effect  of  the  adherends  on  the  film  heating 
performance.  Because  of  the  range  of  materials  and  plate  thicknesses  which  will  eventually 
be  joined  using  this  technology,  a  general  model  is  derived  which  can  be  used  as  a  design 
tool  for  future  joining  scenarios.  Specific  calculations  are  also  provided  for  a  wide  range  of 
likely  adherend  properties,  to  assess  the  order-of-magnitude  effects  of  adherends  on  bondline 
processing. 

1.2  Approach.  Our  objective  is  to  assess  the  changes  in  bond  processing  caused  by  the 
presence  of  the  adherend.  The  most  relevant  metric  for  quantification  of  magnetic  particulate 
film  heating  performance  is  the  bondline  heating  rate  [1].  To  calculate  this  metric,  heat  transfer 
solutions  are  derived  or  cited  for  the  case  of  a  volumetrically  heated  film  attached  to  different 
classes  of  adherends  in  section  2.  These  models  are  used  to  calculate  the  heating  rate  at  the 
bondline.  Comparing  these  heating  rates  with  the  heating  rates  predicted  for  an  insulated  film 
with  no  attached  adherend  provides  a  quantitative  measure  of  the  effect  of  the  adherend  on  the 
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Figure  1.  Schematic  for  Film  /  Adherend  Heat  Transfer  Models. 

bondline  thermal  processing.  Such  comparisons  are  provided  for  specific  adherend  materials 
and  thicknesses  in  section  3,  and  a  general  discussion  on  the  implications  and  applicability  of 
these  results  is  provided  in  section  4. 

The  model  geometry  we  will  use  is  shown  in  Figure  1.  A  volumetrically  heated  film  of 
thickness  I  is  insulated  on  one  side  and  attached  via  a  perfectly-conducting  interface  to  a  con¬ 
ductive  adherend  of  thickness  L.  Although  the  film  is  a  two-phase  particulate  composite,  we 
will  treat  it  as  a  uniform  material  with  density,  specific  heat,  conductivity,  and  thermal  diffu- 
sivity  denoted  by  p,  Cp,  k,  and  a  =  k/pcp,  respectively.  We  assume  that  the  film  is  sufficiently 
thin  and  conductive  (small  P/a)  such  that  the  temperature  in  the  film  is  always  uniform.  More 
formally,  we  assume  that  tp  »  P/a,  where  tp  is  the  process  time  scale.  The  film  generates 
heating  power  per  unit  volume  of  Qt  =  Qt/IA^,  where  is  the  cross-sectional  area  of  the 
film  and  Qt  is  the  total  heating  power  in  the  film.  The  adherend  has  thermophysical  properties 
p,  Cp,  k,  and  a  =  k/pcp,  and  is  insulated  on  its  free  face.  The  analysis  is  1-D,  so  that  both 
adherend  and  film  are  assumed  to  be  infinite  in  cross-section. 

The  insulated  film  assumption  can  be  interpreted  in  two  ways.  The  most  obvious  interpre¬ 
tation  is  that  the  film  is  attached  to  a  thermally  insulating  medium.  The  second  interpretation 
is  a  symmetry  boundary  condition.  If  a  film  is  placed  symmetrically  between  two  identical 
adherends,  there  is  no  heat  flow  across  the  sandwich  centerline.  Therefore  our  model  results 
can  be  interpreted  as  the  heating  rates  for  a  piece  of  film  of  thickness  21  sandwiched  between 
two  adherends  composed  of  identical  material,  and  each  of  thickness  L. 

Three  different  heat  transfer  models  will  be  presented,  each  involving  different  physical 
assumptions.  The  first  model  (section  2.1)  assumes  finite  adherend  thickness,  but  infinite  ad¬ 
herend  conductivity.  The  temperature  is  assumed  to  be  uniform  in  the  adherend,  so  it  only 
provides  a  lumped  thermal  mass  in  addition  to  that  of  the  film  itself.  This  solution  is  most 
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relevant  to  thin,  highly  conductive  adherends  or  long  process  times.  The  second  model  (sec¬ 
tion  2.2)  assumes  a  semi-infinite  adherend  thickness,  and  finite  adherend  conductivity.  This 
solution  is  most  relevant  to  thick,  poorly  conducting  adherends  or  short  process  times.  The 
third  model  (section  2.3)  is  the  most  general  case,  with  finite  adherend  thickness  and  conduc¬ 
tivity.  The  infinite  conductivity  and  semi-infinite  thickness  adherend  models  are  limiting  cases 
of  this  general  solution. 

2.  Bondline  Heating  Rate  Solutions 

In  this  section  we  present  solutions  for  the  bondline  heating  rates  for  three  different  ad¬ 
herend  scenarios.  Two  of  these  solutions  address  limiting  adherend  characteristics:  an  ad¬ 
herend  with  infinite  conductivity  and  finite  thickness,  and  an  adherend  with  finite  conductivity 
and  semi-infinite  thickness.  The  third  solution  is  the  most  general,  for  an  adherend  with  finite 
conductivity  and  finite  thickness. 

2.1  Infinite  Conductivity,  Finite  Thickness  Adherend.  To  model  thin,  highly 
conductive  adherends,  in  this  section  we  solve  for  the  heating  rate  for  the  case  of  an  adherend 
with  infinite  conductivity.  A:  — >■  oo.  In  this  case  the  temperature  in  both  the  film  and  adherend 
is  uniform. 

The  total  heating  power  generated  in  the  film  is 


Qt  =  QtV}  =  QtAJ  (1) 

where  Vj  is  the  film  volume.  The  heat  capacity  of  the  film  can  be  written  as 

film  heat  capacity  =  pCpVj  =  pcpAJ  (2) 

and  the  adherend  heat  capacity  can  be  written  as 

adherend  heat  capacity  =  pcpVa  —  pCpA^L  (3) 

Assuming  uniform  temperatures  and  heat  generated  only  in  the  film,  a  lumped  energy  balance 
can  be  written  as 

dT 

QtAxI  —  {,p(^Axl  -f  pCpAxL)  (4) 
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where  T  is  the  adherend  temperature  and  t  is  time.  Simplifying  yields 

pCp  dt  Y  pCpl  J 

This  equation  can  be  rewritten  as 


(5) 


—  -  Or  H 

dt  pcpl  +  H 

where 


(6) 


pCp  L 


(7) 


Wetzel  and  Fink  [1]  calculate  the  expected  heating  rates  for  magnetic  particle  films  as  a 
function  of  magnetic  field  strength  and  frequency,  and  polymer  film  and  magnetic  particle 
material  properties.  The  heating  rates  are  derived  assuming  an  insulated  film  with  no  attached 
adherend,  with  the  result  expressed  as 


dT  Qx 

lI~JE'p 

where  Qj  is  determined  by  the  specific  film  material  system  and  magnetic  field  characteristics 
under  consideration.  For  comparison  with  these  insulated,  isolated  film  heating  rates,  it  will  be 
useful  to  define  the  reduced  heating  rate 


Heating  rate  with  adherend 
Heating  rate  without  adherend 

Heating  rate  with  adherend 
Qripcp 


(9) 

(10) 


Using  equation  6,  the  reduced  heating  rate  for  an  adherend  with  infinite  conductivity  is 


R 


rate  — 


E 

l^H 


Figure  2  shows  i?rate  as  a  function  of  H. 


(11) 
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Figure  2.  Reduced  Heating  Rate  as  a  Function  of  H  for  Infinite  Conductivity  Adherend  Solu¬ 
tion. 


2.2  Finite  Conductivity,  Semi-Infinite  Thickness  Adherend.  Thick  adher- 
ends  can  be  approximately  modeled  by  assuming  a  semi-infinite  adherend,  L  oo.  The 
transient  temperature  profile  in  such  an  adherend,  for  the  case  of  a  perfectly-attached,  thin,  in¬ 
finite  conductivity,  heat-generating  film,  is  given  by  Trankle  [2]  (as  cited  in  Carslaw  and  Jaeger 
[3])  as 


T{x,t)  =  Ti  +  ^G- 

pCp  Q 


1  2y/^  , 


4at 


-H  Ge^it+^^lerfc 


+ 


1 

G~r ) 


(12) 


where 


G  =  ^ 

pCp 


(13) 


Ti  is  the  initial,  uniform  temperature  in  the  adherend,  and  x  is  the  spatial  coordinate  in  the 
thickness  direction,  with  x  =  0  at  the  film  /  adherend  interface.  We  are  only  interested  in  the 
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temperature  at  this  interface,  where 


r(o,i)  =  ri(o)  + 


We  can  rewrite  this  equation  as 


k 


^  2v^_G  +  Ge(i¥)erfc^'^' 


\/n  I 


G  I 


(14) 


r(o,i)  =  ri(o)  + 


PQt 


I  ^2G'W  -  -  G  +  Ge^'/'-Wc 

k  Lv^  V  ri 


(15) 


where 


P 

Ti  =  G^- 
a 


(16) 


The  heating  rate  at  the  film  /  adherend  interface  can  be  calculated  by  differentiating  equation  1 5 
with  respect  to  time,  giving 


— 

dt 


(0,f) 


PQtG 

k  Ti 


e^/'^Oerfc 


(17) 


Using  equation  10,  we  can  write  the  reduced  heating  rate  for  the  case  of  the  semi-infinite 
adherend  as 


Ppcp  G 

k 


g(</'ri)erfc.  — 


or 


Rrate  = 


(18) 


(19) 


This  equation  gives  the  reduced  heating  rate  for  the  case  of  a  semi-infinite  adherend.  Figure  3 
gives  i^rate  as  a  function  of  reduced  time  t/n,  as  calculated  through  equation  19. 


2.3  Finite  Conductivity,  Finite  Thickness  Adherend.  The  most  general  so¬ 
lution  models  an  adherend  with  finite  thickness  L  and  finite  conductivity  k.  The  adherend 
is  insulated  at  a;  =  T,  and  at  a;  =  0.  A  perfectly-attached,  thin,  infinite  conductivity,  heat¬ 
generating  film  is  bonded  to  the  adherend  at  a:  =  0,  and  the  adherend  is  insulated  at  a:  =  T. 
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Figure  3.  Reduced  Heating  Rate  as  a  Function  of  tfri  for  Semi-Infinite  Adherend  Solution. 


The  transient  temperature  profile  for  this  case  is  given  by  Carslaw  and  Jaeger  [4]  as 


T{x,t)  =  Ti  +  ^HTj  { 
pCp 


1  l-f3^  l{l-x/Ly  tfrj 
6{1  +  Hy^2  1  +  H  ^1  +  H 

S  4cOs(fcn[l-x/L])  klt/rt 

kn>0  kl{H  +  H^kl  +  l)coskn 


(20) 


where  the  dimensionless  parameter  H  was  defined  in  equation  7  and 


Tf  =  la 


(21) 


kn  are  the  roots  to  the  transcendental  equation 


tan  kn  +  Hkn  =  0 


(22) 
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For  our  adherend  studies,  we  are  only  interested  with  the  temperature  at  the  film  /  adherend 
interface,  a;  =  0,  where 


pCp 


11  +  SH  1  1  tjTj 

6(l  +  /f)2  ^  21  +  H  TTh 

-  2  - ? - e-4</T/ 

fcn>0  kl{H-Vmkl^l) 


(23) 


The  heating  rate  at  the  film  /  adherend  interface  can  be  calculated  by  differentiating  equation  23 
with  respect  to  time,  giving 


,  Qt  jj 
-77{0,t)  =  —HTf 
at  pcp 


yrj 


-  E 


1  +  H  kn>0  kl{H  +  H^kl  +  1) 


(24) 


or 


dt 


m 


h.  / 


H 


+  E 


2H 


L\l  +  H  fc„>o  (H  +  H^k^ 


-k^tlTf  1 


(25) 


Using  equation  10,  we  can  write  the  reduced  heating  rate  for  the  case  of  the  semi-infinite 
adherend  as 


Rrate  — 


H 


+  S 


2H 


1+H  ‘  kn>0  (H+H^kl  +  l) 


=-klt/Tf 


(26) 


Figure  4  shows  ilrate  as  a  function  of  reduced  timt  t/rf  and  H,  calculated  using  equation  26 
(summing  to  500  roots  using  Mathematica®).  Note  that  smaller  values  of  H  cause  a  greater 
reduction  in  heating  rate,  and  that  at  long  times  the  reduced  heating  rate  approaches  a  constant 
value.  Figure  5  superimposes  the  general  solution  on  top  of  the  solution  for  a  semi-infinite 
thickness  adherend,  equation  1 9,  and  a  finite  thickness  infinite  conductivity  adherend,  equa¬ 
tion  1 1 .  To  make  the  comparison  with  the  semi-infinite  adherend,  we  utilize  the  transformation 


Ti  = 


(27) 


to  calculate  in  equation  19  as  a  function  of  r/  and  H.  For  small  times,  t  <  O.lri,  the  gen¬ 
eral  solution  matches  the  semi-infinite  thickness  solution.  For  large  times,  t  >  r,,  the  general 
solution  matches  the  infinite  conductivity  solution.  These  observations  show  that  the  semi¬ 
infinite  thickness  solution  is  the  short  time  model  of  the  general  problem,  while  the  infinite 
conductivity  model  is  the  long  time  model  of  the  general  problem. 
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Figure  4.  Reduced  Heating  Rate  as  a  Function  of  i/ry  and  H  for  Finite  Adherend  Solution. 

3.  Calculations 

In  this  section  we  perform  heating  rate  calculations,  using  the  models  derived  in  section  2, 
for  specific,  likely  adherend  materials  and  thicknesses  and  likely  film  materials  and  thicknesses. 
The  applicability  of  each  result  is  discussed  in  more  detail  in  section  4. 1 . 

3.1  Material  Properties.  For  our  induction  bonding  application,  the  volumetrically 
heating  film  is  a  particulate  composite  composed  of  magnetic  particles  dispersed  in  a  poly¬ 
mer  matrix.  The  thermophysical  properties  of  this  film  can  be  calculated  from  the  component 
material  properties  using  a  simple  volume  averaging  approach 

p  =  vjp  +  {l-  vj)p  (28) 

Cp  =  VfC^-\- {I  -  vj)cp  (29) 

where  vj  is  the  particle  volume  fraction,  p  and  Cp  are  particle  properties,  and  p  and  Cp  are  matrix 
properties.  Since  we  have  assumed  uniform  temperature  in  the  film,  the  film  conductivity  and 
thermal  diffusivity  are  not  relevant.  For  specific  calculations,  we  will  use  a  promising  material 
system  identified  by  Wetzel  and  Fink  [1]  which  contains  15%  by  volume  nickel  zinc  ferrite. 


9 


Figure  5.  Reduced  Heating  Rate  as  a  Function  of  i/ry  and  H  for  Finite  Adherend  Solution, 
with  Superimposed  Semi-Infinite  Thickness  Adherend  Model  and  Infinite  Conductivity  Solu¬ 
tion. 
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Table  1.  Film  Component  and  Composite  Material  Properties.  Polymer  properties  are  typical 
for  engineering  thermoplastics  and  adhesives.  Nickel  zinc  ferrite  properties  from  Snelling 
[5].  Film  properties  calculated  using  equations  28  and  29  with  a  particle  volume  fraction  of 
vf  =  15%. 


Polymer 

NiZn  Ferrite 

Composite  Film 

Density,  p  (kg/m^) 

1000 

4500 

1525 

Specific  Heat,  Cp  (J/kg  K) 

1000 

750 

963 

Table  2.  Adherend  Thermophysical  Properties.  Polymer  composite  properties  typical  for  en¬ 
gineering  polymers.  Ceramic  properties  (alumina)  from  Sheppard  [6].  Metal  properties  (alu¬ 
minum)  from  Ozisik  [7]. 


Composite 

Ceramic 

Metal 

Density,  p  (kg/m^) 

1000 

3900 

2700 

Specific  heat,  Cp  (J/kg  K) 

1000 

1000 

900 

Thermal  conductivity,  k  (W/m  K) 

0.2 

30 

200 

Thermal  diffusivity,  a  =  kjpcp  (m^/s) 

2.0  X  10-^ 

7.7  X  10-® 

8.2  X  10"^ 

Table  1  gives  the  material  properties  for  the  individual  components  and  the  15%  particulate 
composite  film. 

The  range  of  potential  adherend  materials  used  in  applications  includes  polymer  composite, 
ceramic,  and  metal.  For  composite  materials,  we  will  use  the  typical  polymer  material  proper¬ 
ties  given  in  Table  2.  Steel  and  aluminum  are  both  candidate  metal  materials  for  armor  appli¬ 
cations.  We  will  use  aluminum  properties  for  our  representative  metal  adherend,  as  its  higher 
thermal  conductivity  will  provide  a  more  extreme  bound  on  possible  adherend  thermal  loss 
effects.  The  aluminum  thermophysical  properties  are  given  in  Table  2.  Two  common  ceramics 
used  in  armor  applications  are  alumina  and  silicon  carbide.  The  density  and  heat  capacity  of 
these  materials  are  similar,  but  their  thermal  conductivities  vary  by  an  order  of  magnitude,  with 
a  value  of  ~  30  W/m  K  for  alumina  and  270  W/m  K  for  silicon  carbide.  We  will  use  alumina  as 
our  model  ceramic,  since  it  provides  a  more  intermediate  value  between  the  cases  of  metal  and 
polymeric  composite.  However,  the  reader  is  cautioned  to  check  material  properties  carefully 
before  using  the  results  calculated  in  later  sections,  as  the  high  thermal  conductivity  of  some 
ceramics  may  make  them  closer  to  our  representative  “metal”  material  properties  than  to  our 
“ceramic”  material  properties.  The  full  alumina  thermophysical  properties  are  given  in  Table  2. 
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Figure  6*  Reduced  Heating  Rate  as  a  Function  of  Film  Thickness  Ratio  Ij L  for  Various  Ad- 
herend  Materials  and  Infinite  Conductivity  Adherend  Solution. 

3.2  Bondline  Heating  Rates  for  Specific  Material  Systems. 

3.2.1  Infinite  Conductivity  Adherend.  Equation  1 1  predicts  the  reduced  heating  rate  for  a 
film  in  contact  with  an  adherend  with  infinite  conductivity.  Using  this  model,  Figure  6  shows 
Rrait  ss  a  function  of  film  thickness  ratio  IJL  for  each  adherend  material  in  Table  2.  Note 
that  a  ceramic  adherend  reduces  the  heating  rate  more  than  an  aluminum  adherend  of  identical 
thickness.  This  result  occurs  because,  if  the  adherend  is  assumed  to  be  at  uniform  temperature, 
thermal  conductivity  is  no  longer  a  relevant  physical  parameter.  The  reduction  in  heating  rates 
is  caused  completely  by  heat  capacity  effects,  and  for  our  material  properties  the  ceramic  has 
a  higher  heat  capacity  than  the  aluminum.  The  plots  also  show  that  for  film  thickness  ratios 
between  0.01  and  0.1,  the  adherend  will  reduce  the  insulated  film  heating  rate  by  a  factor  of  10 
to  100. 


3.2.2  Semi-Infinite  Thickness  Adherend.  Equation  1 9  predicts  the  reduced  heating  rate  for 
a  film  in  contact  with  an  adherend  with  semi-infinite  thickness.  Unlike  the  infinite  conductivity 
results  of  section  3.2.2,  we  cannot  define  a  thickness  ratio  since  the  adherend  thickness  is  not 
finite.  Therefore,  for  adherend  material  studies,  we  are  forced  to  calculate  reduced  heating 
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Figure  7.  Reduced  Heating  Rate  as  a  Function  of  Time  and  Film  Thickness  for  Various  Ad- 
herend  Materials  and  Semi-Infinite  Adherend  Solution. 

rates  for  specific  film  thicknesses.  Equation  19  also  shows  that  the  reduced  heating  rate  is 
a  function  of  time.  Figure  7  shows  reduced  heating  rate  as  a  function  of  film  thickness  and 
time,  for  the  adherend  materials  of  Table  2.  The  same  data  is  presented  in  Figure  8,  but  allows 
easier  interpretation  as  time  for  heating  rate  to  be  reduced  to  a  given  /?rate  as  a  function  of  film 
thickness.  Note  that  for  a  low  conductivity  adherend,  such  as  a  polymer  composite,  the  heating 
rate  will  be  reduced  by  a  factor  of  10  in  under  a  minute,  and  by  as  much  as  100  after  a  few 
minutes.  For  higher  conductivity  materials,  such  as  aluminum,  the  thermal  loss  is  more  severe, 
reducing  the  heating  rate  to  1/1000  of  its  insulated  value  in  under  one  minute.  However,  as 
will  be  discussed  in  section  4.1,  these  results  are  only  applicable  to  high  conductivity  materials 
such  as  aluminum  if  the  adherend  is  extremely  thick. 

3.2.3  Finite  Thickness,  Finite  Conductivity  Adherend.  Equation  26  predicts  the  reduced 
heating  rate  for  a  film  in  contact  with  an  adherend  with  finite  thickness  and  finite  conductivity. 
Figures  9-11  show  the  reduced  heating  rate  as  a  function  of  time  and  adherend  thickness, 
for  film  thicknesses  of  0. 1  mm,  1  mm,  and  5  mm,  respectively.  The  adherend  material  prop¬ 
erties  are  given  by  Table  2,  and  equation  26  is  implemented  by  summing  to  500  roots  using 
Mathematica®. 
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Figure  8.  Time  to  Achieve  Reduced  Heating  Rates  as  a  Function  of  Film  Thickness  for  Various 
Adherend  Materials  and  Semi-Infinite  Adherend  Solution. 


Figure  9.  Reduced  Heating  Rate  as  a  Function  of  Time  and  Adherend  Thickness  for  Various 
Adherend  Materials,  with  0.1  mm  Film  Thickness  and  Finite  Adherend  Solution. 


Figure  10.  Reduced  Heating  Rate  as  a  Function  of  Time  and  Adherend  Thickness  for  Various 
Adherend  Materials,  with  1  mm  Film  Thickness  and  Finite  Adherend  Solution. 


Figure  11.  Reduced  Heating  Rate  as  a  Function  of  Time  and  Adherend  Thickness  for  Various 
Adherend  Materials,  with  5  mm  Film  Thickness  and  Finite  Adherend  Solution. 
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First  consider  the  case  of  a  0.1  mm  film  thickness.  Figure  9.  The  adherend  thicknesses 
shown,  5  mm,  1  cm,  and  2  cm,  are  relatively  thin  adherends  since  the  film  thickness  is  also 
thin.  For  the  aluminum  and  ceramic  cases,  note  that  the  heating  rate  drops  to  the  infinite 
conductivity  solution  value  within  seconds.  For  a  5  mm  thick  adherend,  the  heating  rate  is 
reduced  by  a  factor  of  100.  For  the  thicker  adherends,  the  heating  rate  reduction  approaches 
a  factor  1000.  Note  that  in  all  cases  the  ceramic  adherend  results  in  a  lower  effective  heating 
rate  than  the  aluminum  adherend.  This  behavior  occurs  because  the  adherends  closely  follow 
the  infinite  conductivity  solution,  which  is  governed  by  specific  heat.  For  the  thickest  polymer 
adherend,  2  cm,  the  results  closely  follow  the  infinite  adherend  solution  through  500  s.  For  the 
thinner  adherends,  the  infinite  conductivity  solution  is  reached  at  large  times,  >  300  s.  For  all 
of  the  polymer  adherend  thicknesses,  the  heating  rate  is  reduced  by  roughly  a  factor  of  100. 

Figure  10  shows  the  reduced  heating  rates  for  the  case  of  a  1  mm  film.  The  adherend 
thicknesses  used  are  5  mm,  1  cm,  2  cm,  and  5  cm.  The  behavior  is  qualitatively  similar  to  that  of 
the  0. 1  mm  adherend,  except  that  the  heating  rates  are  a  factor  of  1 0  greater.  The  aluminum  and 
ceramic  adherends  reduce  the  heating  rates  by  a  factor  of  1 0- 1 00,  while  the  polymer  adherends 
reduce  the  heating  rates  by  roughly  a  factor  of  10.  Again,  ceramic  adherends  present  a  greater 
heat  sink  than  the  aluminum  adherends. 

Figure  1 1  shows  the  reduced  heating  rates  for  the  case  of  a  5  mm  film.  Since  this  is  a 
very  thick  film,  the  adherend  thickness  used  are  2  cm,  5  cm,  and  10  cm.  Note  that,  because  of 
the  thickness  of  the  polymer  adherends,  all  cases  obey  the  semi-infinite  thickness  model.  The 
aluminum  and  ceramic  adherends  span  the  semi-infinite  thickness  and  infinite  conductivity  so¬ 
lutions,  depending  on  their  thickness  and  the  process  time.  Note  that  for  the  thicker  adherends, 
initially  the  aluminum  adherend  presents  a  greater  heat  sink  but  at  longer  times  the  ceramic 
becomes  a  greater  heat  sink.  The  polymer  adherends  reduce  the  heating  rates  by  up  to  a  factor 
of  7,  while  the  aluminum  and  ceramic  adherends  reduce  the  heating  rates  by  a  factor  of  10-100. 

4.  Analysis  and  Conclusions 

4*1  Model  Applicability.  In  section  3.2  we  calculated  reduced  heating  rates  for  a 
variety  of  adherend  materials  using  three  different  heat  transfer  models.  The  model  used  in 
section  3.2.3  is  most  general,  and  applies  to  any  adherend  with  finite  conductivity  and  thick¬ 
ness.  The  models  of  sections  3.2.1  and  3.2.2  are  only  applicable  under  conditions  of  infinite 
adherend  conductivity  and  thickness,  respectively.  Since,  in  practice,  we  do  not  ever  encounter 
adherends  with  truly  infinite  conductivity  or  thickness,  we  need  to  establish  a  criterion  for 


16 


determining  the  applicability  of  these  models  to  a  given  adherend.  This  criterion  is  the  charac¬ 
teristic  thermal  conduction  time. 

We  define  the  characteristic  thermal  conduction  time  for  an  adherend  as 


Note  that  tc  is  equivalent  to  tj  defined  by  equation  21.  is  roughly  the  amount  of  time 
required  for  a  significant  amount  of  thermal  energy  to  transport  the  distance  T  in  a  material 
with  thermal  diffusivity  a.  For  times  much  less  than  the  characteristic  thermal  conduction 
time,  t  <C  tc,  significant  thermal  energy  does  not  reach  the  insulated  face  of  the  adherend,  so 
the  semi-infinite  adherend  solution  models  the  behavior  accurately.  For  times  much  greater 
than  the  characteristic  thermal  conduction  time,  t  »  4,  thermal  diffusion  occurs  very  rapidly, 
so  the  infinite  adherend  conductivity  solution  models  the  behavior  accurately.  If  i  ~  tc,  then 
only  the  general  finite  thickness,  finite  conductivity  model  will  be  accurate.  These  short-time, 
long-time  solution  relationships  were  shown  graphically  in  Figure  5. 

To  evaluate  model  applicability  for  a  specific  adherend  material  and  thickness,  equation  30 
should  be  used  to  calculate  the  characteristic  conduction  times.  This  approach  provides  a 
design  tool  for  specific  process  prediction.  For  the  purpose  of  general  adherend  material  as¬ 
sessment,  we  will  find  it  more  appropriate  to  choose  a  characteristic  processing  time,  and  then 
calculate  a  characteristic  conduction  length.  Based  on  equation  30,  we  define  the  characteristic 
thermal  conduction  length  as 


Lc  =  \/ a  •  process  time  (31) 

Thermal  conduction  length,  for  a  given  process  time,  is  a  material  parameter  independent  of 
adherend  thickness.  If  an  adherend  thickness  is  much  less  than  its  characteristic  conduction 
length,  L  Lc,  then  t  ^  tc  and  the  infinite  conductivity  solution  applies.  If  an  adherend 
thickness  is  much  greater  than  its  characteristic  conduction  length,  L  >  Lc,  then  t  <  tc  and 
the  semi-infinite  adherend  solution  applies.  If  L  ~  Lc,  then  t  ~  4  and  only  the  general  solution 
will  predict  accurate  heating  rates. 

Table  3  gives  characteristic  thermal  conduction  lengths  for  each  adherend  material  in  Ta¬ 
ble  2  and  fora  typical  process  time  of  100  s.  Using  these  results,  we  can  assess  the  applicability 
of  each  model  to  each  adherend  material.  The  infinite  conductivity  model  is  most  applicable  to 
the  metal  adherend,  and  should  be  accurate  for  adherend  thicknesses  much  less  than  9  cm.  For 
structural  metal  and  light  armor,  with  a  thickness  of  only  a  few  centimeters,  this  assumption 


17 


Table  3.  Adherend  Characteristic  Conduction  Lengths,  as  defined  by  equation  3 1 ,  for  a  process 
time  of  100  s. 


Composite 

Ceramic 

Metal 

Char,  conduction  length  4.47  mm 

2.8  cm 

9.1  cm 

should  be  accurate.  The  semi-infinite  adherend  thickness  model  is  most  applicable  to  the  com¬ 
posite  adherend,  which  has  a  low  thermal  conductivity  and  an  Lc  of  only  4  mm.  For  a  typical 
1  or  2  cm  composite  structural  or  armor  panel,  this  model  should  prove  accurate.  The  thermal 
conduction  length  of  the  alumina  ceramic  is  3  cm,  which  is  very  close  to  the  actual  ceramic 
tile  armor  dimensions.  Therefore  it  is  most  likely  that  the  finite  thickness,  finite  conductivity 
approach  is  the  only  model  which  will  give  accurate  results  for  ceramic  armor  adherends. 

4.2  Effect  of  Adherends  on  Feasibility  of  Bonding  with  Magnetic  Particle 
Films.  Wetzel  and  Fink  [1]  have  performed  a  feasibility  study  for  bonding  with  magnetic 
particle  films,  considering  both  thermoplastic  hot-melt  bonding  and  elevated  temperature  adhe¬ 
sive  bonding.  Typical  thermoplastic  hot-melt  bonding  requires  high  temperatures  (250-400°  C) 
to  ensure  bond  integrity  but  short  process  times  (under  1  minute  at  processing  temperature)  to 
prevent  thermal  degradation  [8].  This  processing  requires  film  heating  rates  of  10  —  100°  C/s. 
Elevated  temperature  accelerated  adhesive  bonds,  which  involve  lower  processing  tempera¬ 
tures  (100  -  180°C)  and  longer  process  times  (5  -  20  minutes),  only  require  heating  rates  of 
1  -  10°C/s. 

Wetzel  and  Fink  [1]  also  provide  predictions  of  heating  rates  for  insulated  magnetic  particle 
films  with  no  adherends.  As  a  benchmark,  we  will  use  a  15%  NiZn  ferrite  /  polymer  film.  From 
Wetzel  and  Fink  [1],  the  expected  heating  rates  for  an  insulated  film  of  this  composition  are 
given  in  Table  4  for  field  frequencies  of  100  kHz,  1  MHz,  and  10  MHz.  Also  shown  in  the 
table  are  the  heating  rates  expected  if  the  film  is  sandwiched  between  two  identical  adherends 
of  various  materials.  A  typical  film  thickness  of  1  mm  (half  film  thickness  I  —  0.5  mm) 
and  adherend  thickness  of  2  cm  are  used  for  the  calculations,  and  heating  rate  reductions  are 
calculated  using  the  finite  thickness  model  of  section  2.3. 

These  heating  rates  results  show  that  thermoplastic  hot-melt  bonding  is  marginally  feasible 
with  all  adherends  at  high  frequencies  (10  MHz),  and  still  feasible  with  thick  composite  adher¬ 
ends  at  moderate  (1  MHz)  frequencies.  For  elevated  temperature  adhesive  bonding,  composite 
adherends  should  be  feasible  even  at  low  (100  kHz)  frequencies,  while  metal  and  ceramic  ad¬ 
herends  should  be  feasible  at  higher  (>  1  MHz)  frequencies. 
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Table  4.  Expected  Heating  Rates  for  15%  NiZn  Ferrite  /  Polymer  Film  with  Thickness  21  = 
1  mm  Sandwiched  Between  Two  Identical  Adherends  of  Various  Materials. 


Frequency 

10  kHz 

IMHz 

10  MHz 

No  adherend  (insulated) 

12°C/s 

120°C/s 

1200  °C/s 

2  cm  composite  (after  1  minute) 

1.2°C/s 

12°C/s 

120  °C/s 

2  cm  composite  (after  5  minutes) 

0.6  °C/s 

6°C/s 

60  °C/s 

2  cm  ceramic 

0.12  °C/s 

1.2  °C/s 

12  °C/s 

2  cm  aluminum 

0.18  °C/s 

1.8  °C/s 

00 

o 

Q 

The  specific  results  presented  in  this  section  and  in  Table  4  are,  of  course,  very  limited. 
Only  a  few  very  specific  adherend  and  film  materials  and  thicknesses  were  taken  into  consid¬ 
eration.  Additionally,  the  insulated  film  heating  rates  predicted  in  Wetzel  and  Fink  [1]  are  only 
expected  to  be  accurate  to  within  one  or  two  orders  of  magnitude.  For  more  specific  bonding 
design  guidance,  calculations  should  be  performed  for  the  materials  and  geometry  under  con¬ 
sideration,  and  experimentally  measured  film  heat  generation  rates.  However,  these  results  do 
confirm  the  general  feasibility  of  using  magnetic  particle  films  for  bonding  structural  and  armor 
components  of  various  materials,  including  ceramics,  metals,  and  polymer  matrix  composites. 

4.3  Extension  of  Results  to  Non-Symmetric  Adherends.  The  results  derived 
in  this  report  are  strictly  applicable  to  symmetric  adherends  only.  That  is,  only  bonding  of 
two  identical  adherends  (both  in  thickness  and  material  properties)  can  be  modeled.  However, 
many  magnetic  particle  film  bonds  will  be  performed  on  unsymmetric  adherends.  Examples 
include  ceramic-composite  bonds  in  multi-functional  armor  and  metal-composite  bonds  for 
steel-framed  composite  shell  vehicles.  The  solutions  from  this  report  certainly  provide  bounds 
on  heating  rates.  A  composite  to  ceramic  bond  will  behave  somewhere  between  a  composite- 
composite  and  a  ceramic-ceramic  bond.  Deriving  a  full,  general,  unsymmetric  solution  is 
possible  but  will  be  mathematically  difficult.  Wetzel  [9]  provides  closely  related  solutions,  for 
the  case  of  negligible  film  thermal  mass.  A  much  simpler  approach  is  to  numerically  solve  for 
specific  non-symmetric  adherend  cases,  using  for  example  a  finite  difference  solution.  It  may 
also  be  possible  to  demonstrate  a  simple  empirical  rule  for  unsymmetric  adherends  based  on  the 
symmetric  adherend  solutions.  For  example,  calculating  i?rate  independently  for  each  adherend 
using  the  symmetric  adherend  solution  and  then  using  some  sort  of  averaging  approach  to 
estimate  the  unsymmetric  adherend  solution.  The  investigation  of  unsymmetric  adherends 
remains  a  topic  for  future  investigation. 
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DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  Cl  LL 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1 197 

DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  Cl  AP 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1 197 


ABERDEEN  PROVING  GROUND 
DIRUSARL 

AMSRL  Cl  LP  (BLDG  305) 
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NO.  OF 

COPIES  ORGANIZATION 


ORGANIZATION 


NO.  OF 
COPIES 


1  DIRECTOR  2 

US  ARMY  RESEARCH  LAB 
AMSRL  CP  CA 
D  SNIDER 

2800  POWDER  MILL  RD 
ADELPHI MD  20783-1 145 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB  1 

AMSRL  OP  SD  TA 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1 145 

3  DIRECTOR 

US  ARMY  RESEARCH  LAB 

AMSRL  OP  SD  TL  1 

2800  POWDER  MILL  RD 

ADELPHI  MD  20783-1 145 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 

AMSRL  OP  SD  TP  6 

2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 

1  DIRECTOR 

DA  OASARDA 
SARD  SO 

103  ARMY  PENTAGON 
WASHINGTON  DC  20310-0103 

1  DPTY  ASST  SECY  FOR  R&T 

SARDTT 

THE  PENTAGON  1 

RM  3EA79 

WASHINGTON  DC  20301-7100 

1  COMMANDER 

US  ARMY  MATERIEL  CMD 
AMXMIINT 

5001  EISENHOWER  AVE  1 

ALEXANDRIA  VA  22333-0001 

4  COMMANDER 
USARMYARDEC 
AMSTAARCC 

G  PAYNE 

J  GEHBAUER  1 

C  BAULIEU 

HOPAT 

PICATINNY  ARSENAL  NJ 
07806-5000 


COMMANDER 
USARMYARDEC 
AMSTAARAEWW 
E BAKER 
J PEARSON 

PICATINNY  ARSENAL  NJ 
07806-5000 

COMMANDER 
USARMYARDEC 
AMSTAARTD 
C  SPINELLI 

PICATINNY  ARSENAL  NJ 
07806-5000 

COMMANDER 
USARMYARDEC 
AMSTAARFSE 
PICATINNY  ARSENAL  NJ 
07806-5000 

COMMANDER 
USARMYARDEC 
AMSTAARCCHA 
W  ANDREWS 
S  MUSALLI 
RCARR 
M  LUCIANO 
E  LOGSDEN 
T  LOUZEIRO 
PICATINNY  ARSENAL  NJ 
07806-5000 

COMMANDER 

USARMYARDEC 

AMSTAARCCHP 

JLUTZ 

PICATINNY  ARSENAL  NJ 
07806-5000 

COMMANDER 

USARMYARDEC 

AMSTAARFSFT 

CLIVECCmA 

PICATINNY  ARSENAL  NJ 

07806-5000 

COMMANDER 
USARMYARDEC 
AMSTAARQACTC 
C PATEL 

PICATINNY  ARSENAL  NJ 
07806-5000 


24 


NO.  OF 
COPIES 

1 


3 


2 


1 


2 


1 

1 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


COMMANDER 
US  ARMYARDEC 
AMSTAARM 
D  DEMELLA 

PICATINNY  ARSENAL  NJ 
07806-5000 

COMMANDER 

US  ARMYARDEC 

AMSTAARFSA 

AWARNASH 

BMACHAK 

MCHIEFA 

PICATINNY  ARSENAL  NJ 
07806-5000 

COMMANDER 
US  ARMYARDEC 
AMSTAARFSPG 
M  SCHIKSNIS 
D  CARLUCCI 
PICATINNY  ARSENAL  NJ 
07806-5000 

COMMANDER 
US  ARMYARDEC 
AMSTAARFSPA 
P  KISATSKY 

PICATINNY  ARSENAL  NJ 
07806-5000 

COMMANDER 
US  ARMY  ARDEC 
AMSTAARCCHC 
HCHANIN 
SCfflCO 

PICATINNY  ARSENAL  NJ 
07806-5000 

COMMANDER 
US  ARMY  ARDEC 
AMSTAASF 

PICATINNY  ARSENAL  NJ 
07806-5000 

COMMANDER 
US  ARMY  ARDEC 
AMSTAARWET 
TSACHAR 
BLDG  172 

PICATINNY  ARSENAL  NJ 
07806-5000 


9  COMMANDER 

US  ARMY  ARDEC 
AMSTAARCCHB 
P  DONADIA 
FDONLON 
P  VALENTI 
C  KNUTSON 
GEUSTICE 
S  PATEL 
GWAGNECZ 
RSAYER 
F CHANG 

PICATINNY  ARSENAL  NJ 
07806-5000 

6  COMMANDER 

US  ARMY  ARDEC 
AMSTAARCCL 
FPUZYCKI 
R  MCHUGH 
D  CONWAY 
E  JAROSZEWSKI 
RSCHLENNER 
MCLUNE 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 
AMSTAARQACT 
D  RIGOGLIOSO 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 

AMSTAARSRE 

DYEE 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  US  ARMY  ARDEC 
INTELLIGENCE  SPECIALIST 
AMSTAARWELF 
MGUERRIERE 
PICATINNY  ARSENAL  NJ 
07806-5000 

2  PEO  FIELD  ARTILLERY  SYS 
SFAEFASPM 

H  GOLDMAN 
T  MCWILLIAMS 
PICATINNY  ARSENAL  NJ 
07806-5000 
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NO.  OF 

NO.  OF 

COPIES 

ORGANIZATION 

COPIES 

11 

PMTMAS 

SFAE  GSSC  TMA 

R  MORRIS 

CKIMKER 

D  GUZOWICZ 

EKOPACZ 

3 

RROESER 

R DARCY 

RMCDANOLDS 

LDULISSE 

C  ROLLER 

JMCGREEN 

B  PATTER 

PICATINNY  ARSENAL  NJ 
07806-5000 

1 

1 

COMMANDER 

USARMYARDEC 

AMSTAARWEA 

J  BRESCIA 

PICATINNY  ARSENAL  NJ 
07806-5000 

1 

1 

COMMANDER 

USARMYARDEC 

PRODUCTION  BASE 

MODERN  ACTY 

AMSMCPBMK 

PICATINNY  ARSENAL  NJ 
07806-5000 

1 

1 

COMMANDER 

US  ARMY  TACOM 

PM  ABRAMS 

SFAE  ASM  AB 

6501  ELEVEN  MILE  RD 

WARREN  MI  48397-5000 

2 

6 

PMSADARM 

SFAE  GCSS  SD 

COLB  ELLIS 

M  DEVINE 

1 

R  KOWALSKI 

W  DEMASSI 

J  PRITCHARD 

SHROWNAK 

PICATINNY  ARSENAL  NJ 
07806-5000 

1 

1 

COMMANDER 

US  ARMY  TACOM 

AMSTA  SF 

WARREN  MI  48397-5000 

ORGANIZATION 

COMMANDER 

US  ARMY  TACOM 

PM  TACTICAL  VEfflCLES 

SFAETVL 

SFAETVM 

SFAETVH 

6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

COMMANDER 

US  ARMY  TACOM 

PMBFVS 

SFAEASMBV 

6501  ELEVEN  MILE  RD 

WARREN  MI  48397-5000 

COMMANDER 

US  ARMY  TACOM 

PMAFAS 

SFAEASMAF 

6501  ELEVEN  MILE  RD 

WARREN  MI  48397-5000 

COMMANDER 
US  ARMY  TACOM 
PMRDT&E 
SFAE  GCSS  W  AB 
J  GODELL 

6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

COMMANDER 
US  ARMY  TACOM 
PM  SURV  SYS 
SFAE  ASM  SS 
TDEAN 

SFAE  GCSS  WGSIM 
D COCHRAN 
6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

US  ARMY  CERL 
RLAMPO 

2902NEWMARKDR 
CHAMPAIGN  IL  61822 

COMMANDER 
US  ARMY  TACOM 
PM  SURVIVABLE  SYSTEMS 
SFAE  GCSS  WGSIH 
MRYZYI 

6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 
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NO.  OF 

COPIES  ORGANIZATION 

1  COMMANDER 

USARMYTACOM 

PMBFV 

SFAE  GCSS  W  BV 
S  DAVIS 

6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

1  COMMANDER 

USARMYTACOM 
PM  LIGHT  TACTICAL  VHCLS 
AMSTATRS 
A  J  MILLS  MS  209 
6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

1  COMMANDER 

USARMYTACOM 
CHIEF  ABRAMS  TESTING 
SFAE  GCSS  WABQT 
T  KRASKIEWICZ 
6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

15  COMMANDER 

US  ARMY  TACOM 
AMSTATRR 
J  CHAPIN 
R  MCCLELLAND 
D  THOMAS 
J BENNETT 
D  HANSEN 
AMSTAJSK 
S  GOODMAN 
J  FLORENCE 
KIYER 

D  TEMPLETON 
A  SCHUMACHER 
AMSTATRD 
D  OSTBERG 
L  HINOJOSA 
BRAJU 
AMSTACSSF 
H  HUTCHINSON 
F  SCHWARZ 
WARREN  MI  48397-5000 

1  COMMANDER 

WATERVLIET  ARSENAL 
SMCWVQAEQ 
B  VANINA 
BLDG  44 

WATERVLIET  NY  12189-4050 


NO.  OF 

COPIES  ORGANIZATION 

1  COMMANDER 
WATERVLIET  ARSENAL 
SMCWV  SPM 
TMCCLOSKEY 

BLDG  253 

WATERVLIET  NY  1 2 1 89-4050 

2  TSM  ABRAMS 
ATZKTS 
SJABURG 
WMEINSHAUSEN 
FT  KNOX  KY  40121 

3  ARMOR  SCHOOL 
ATZKTD 
RBAUEN 
JBERG 
APOMEY 

FT  KNOX  KY  40121 

1 1  BENET  LABORATORIES 

AMSTAARCCB 
RFISCELLA 
GD  ANDREA 
EKATHE 
M  SCAVULO 
G  SPENCER 
P  WHEELER 
K  MINER 
JVASILAKIS 
G  FRIAR 
RHASENBEIN 
AMSTA  CCB  R 
S  SOPOK 

WATERVLIET  NY  12189-4050 

2  HQ  IOC  TANK 

AMMUNITION  TEAM 
AMSIO  SMT 
R CRAWFORD 
W  HARRIS 

ROCK  ISLAND  IL  61299-6000 

2  DAVID  TAYLOR  RESEARCH  CTR 

R  ROCKWELL 
WPHYILLAIER 
BETHESDA  MD  20054-5000 

2  COMMANDER 

USARMYAMCOM 
AVIATION  APPLIED  TECH  DIR 
JSCHUCK 

FT  EUSTIS  VA  23604-5577 
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NO.  OF 

COPIES  ORGANIZATION 

1  DIRECTOR 
USARMYAMCOM 
SFAEAVRAMTV 
D  CALDWELL 
BLDG  5300 

REDSTONE  ARSENAL  AL 
35898 

2  US  ARMY  CORPS  OF  ENGINEERS 
CERDC 

TLIU 

CEWET 

TTAN 

20MASSAVENW 
WASHINGTON  DC  20314 

1  US  ARMY  COLD  REGIONS 

RSCH&ENGRNGLAB 
PDUTTA 
72  LYME  RD 
HANOVER  NH  03755 

1  SYSTEM  MANAGER  ABRAMS 

ATZKTS 
LTCJHNUNN 
BLDG  1002  RM  no 
FT  KNOX  KY  40121 

1  USA  SBCCOM  PM  SOLDIER  SPT 
AMSSBPMRSSA 

J  CONNORS 
KANSAS  ST 

NATICK  MA  01760-5057 

3  BALLISTICS  TEAM 

AMSSBRIP 
PHILCUNNIFF 
JOHN  SONG 
WALTER  ZUKAS 
KANSAS  ST 

NATICK  MA  01760-5057 

2  MATERIAL  SCIENCE  TEAM 
AMSSB  RSS 

JEAN  HERBERT 
MICHAEL  SENNETT 
KANSAS  ST 

NATICK  MA  01760-5057 

2  OFC  OF  NAVAL  RESEARCH 

D  SIEGEL  CODE  351 
J  KELLY 

800  N  QUINCY  ST 
ARLINGTON  VA  22217-5660 


NO.  OF 

COPIES  ORGANIZATION 

I  NAVAL  SURFACE  WARFARE  CTR 

■  DAHLGREN  DIV  CODE  G06 
DAHLGRENVA  22448 

1  NAVAL  SURFACE  WARFARE  CTR 

TECH  LIBRARY  CODE  323 
17320  DAHLGREN  RD 
DAHLGRENVA  22448 

1  NAVAL  SURFACE  WARFARE  CTR 

CRANE  DIVISION 
M  JOHNSON  CODE  20H4 
LOUISVILLE  KY  40214-5245 

8  DIRECTOR 

US  ARMY  NATIONAL  GROUND 
INTELLIGENCE  CTR 
D  LEITER 
M  HOLTUS 
M  WOLFE 
S  MINGLEDORF 
J  GASTON 

W  GSTATTENBAUER 
R  WARNER 
J  CRIDER 

220  SEVENTH  ST  NE 
CHARLOTTESVILLE  VA  22091 

6  US  ARMY  SBCCOM 

SOLDIER  SYSTEMS  CENTER 
BALLISTICS  TEAM 
JWARD 

MARINE  CORPS  TEAM 

J  MACKIEWICZ 

BUS  AREA  ADVOCACY  TEAM 

W  HASKELL 

SSCNCWST 

WNYKVIST 

T  MERRILL 

S  BEAUDOIN 

KANSAS  ST 

NATICK  MA  01760-5019 

3  NAVAL  RESEARCH  LAB 

IWOLOCKCODE6383 
R  BADALIANCE  CODE  6304 
L  GAUSE 

WASHINGTON  DC  20375 

2  NAVAL  SURFACE  WARFARE  CTR 

USORATHIA 
C  WILLIAMS  CD  6551 
9500  MACARTHUR  BLVD 
WEST  BETHESDA  MD  20817 
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ORGANIZATION 


ORGANIZATION 


NO.  OF 
COPIES 

9  US  ARMY  RESEARCH  OFC 
A  CROWSON 
J CHANDRA 
H EVERETT 
J  PRATER 
R  SINGLETON 
G  ANDERSON 
D  STEPP 
D  KISEROW 
J CHANG 
PO  BOX  12211 

RESEARCH  TRIANGLE  PARK  NC 
27709-2211 

2  COMMANDER 

NAVAL  SURFACE  WARFARE  CTR 
CARDEROCK  DIVISION 
R  PETERSON  CODE  2020 
M  CRITCHFIELD  CODE  1730 
BETHESDAMD  20084 

8  NAVAL  SURFACE  WARFARE  CTR 

J  FRANCIS  CODE  G30 
D  WHSON  CODE  G32 
R  D  COOPER  CODE  G32 
J  FRAYSSE  CODE  G33 
E  ROWE  CODE  G33 
T  DURAN  CODE  G33 
L  DE  SIMONE  CODE  G33 
R  HUBBARD  CODE  G33 
DAHLGREN  VA  22448 

1  NAVAL  SEA  SYSTEMS  CMD 

DLIESE 

2531  JEFFERSON  DAVIS  HWY 
ARLINGTON  VA  22242-5160 

1  NAVAL  SURFACE  WARFARE  CTR 

M  LACY  CODE  B02 
17320  DAHLGREN  RD 
DAHLGREN  VA  22448 


NO.  OF 
COPIES 

1  AFRLMLBC 

2941  P  ST  RM  136 

WRIGHT  PATTERSON  AFB  OH 

45433-7750 

1  AFRLMLSS 
R THOMSON 

2179  12THSTRM122 
WRIGHT  PATTERSON  AFB  OH 
45433-7718 

2  AFRL 

F  ABRAMS 

J  BROWN 

BLDG  653 

2977  P  ST  STE  6 

WRIGHT  PATTERSON  AFB  OH 

45433-7739 

1  AFRL  MLS  OL 

L COULTER 
7278  4TH  ST 
BLDG  100  BAY  D 
HILL  AFB  UT  84056-5205 

1  OSD 

JOINT  CCD  TEST  FORCE 
OSD  JCCD 
R  WILLIAMS 
3909  HALLS  FERRY  RD 
VICKSBURG  MS  29180-6199 

1  DEFENSE  NUCLEAR  AGENCY 

INNOVATIVE  CONCEPTS  DIV 
6801  TELEGRAPH  RD 
ALEXANDRIA  VA  22310-3398 

1  WATERWAYS  EXPERIMENT 

D  SCOTT 

3909  HALLS  FERRY  RD  SC  C 
VICKSBURG  MS  39180 


2  NAVAL  SURFACE  WARFARE  CTR 

CARDEROCK  DIVISION 
R  CRANE  CODE  2802 
C  WILLIAMS  CODE  6553 
3A  LEGGETT  CIR 
BETHESDAMD  20054-5000 

1  EXPEDITIONARY  WARFARE  DIV  N85 

FSHOUP 

2000  NAVY  PENTAGON 
WASHINGTON  DC  20350-2000 


DIRECTOR 

LLNL 

R  CHRISTENSEN 
S  DETERESA 
FMAGNESS 
M  FINGER  MS  313 
M  MURPHY  L  282 
PO  BOX  808 
LIVERMORE  CA  94550 
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NO.  OF 

COPIES  ORGANIZATION 

3  DARPA 

MVANFOSSEN 

SWAX 

LCHRISTODOULOU 
3701  N  FAIRFAX  DR 
ARLINGTON  VA  22203-1714 

2  FAA 

TECH  CENTER 
P  SHYPRYKEVICH  AAR  43 1 
ATLANTIC  CITY  NJ  08405 

2  SERDP  PROGRAM  OFC 
PMP2 

C  PELLERIN 
B  SMITH 

901  N  STUART  ST  STE  303 
ARLINGTON  VA  22203 

1  FAA 

MILHDBK  17  CHAIR 
LILCEWICZ 
1601  LIND  AVE  SW 
ANM  115N 
RESTONVA  98055 

1  US  DEPT  OF  ENERGY 

OFC  OF  ENVIRONMENTAL 
MANAGEMENT 
P  RTTZCOVAN 
19901  GERMANTOWN  RD 
GERMANTOWN  MD  20874-1928 

1  DIRECTOR 

LLNL 

FADDESSIOMS  B216 

PO  BOX  1633 

LOS  ALAMOS  NM  87545 

1  OAK  RIDGE  NATIONAL 

LABORATORY 
RM  DAVIS 
PO  BOX  2008 

OAK  RIDGE  TN  37831-6195 

3  DIRECTOR 

SANDIA  NATIONAL  LABS 

APPLIED  MECHANICS  DEPT 

MS  9042 

JHANDROCK 

YRKAN 

JLAUFFER 

PO  BOX  969 

LIVERMORE  CA  94551-0969 


NO.  OF 

COPIES  ORGANIZATION 

1  OAK  RIDGE  NATIONAL 

LABORATORY 
CEBERLEMS8048 
PO  BOX  2008 
OAK  RIDGE  TN  37831 

1  OAK  RIDGE  NATIONAL 

LABORATORY 
CD  WARREN  MS  8039 
PO  BOX  2008 
OAK  RIDGE  TN  37831 

7  NIST 

RPARNAS 

JDUNKERS 

M  VANLANDINGHAM  MS  862 1 
J  CHIN  MS  8621 
DHUNSTONMS  8543 
J  MARTIN  MS  8621 
DDUTHINHMS  8611 
100  BUREAU  DR 
GAITHERSBURG  MD  20899 

1  HYDROGEOLOGIC  INC 

SERDP  ESTCP  SPT  OFC 
S  WALSH 

1155  HERNDON  PKWY  STE  900 
HERNDON  VA  20170 

3  NASA  LANGLEY  RSCH  CTR 
AMSRLVS 
WELBERMS266 

F  BARTLETT  JR  MS  266 
G  FARLEY  MS  266 
HAMPTON  VA  23681-0001 

1  NASA  LANGLEY  RSCH  CTR 

T  GATES  MS  188E 
HAMPTON  VA  23661-3400 

1  FHWA 

EMUNLEY 

6300  GEORGETOWN  PIKE 
MCLEAN  VA  22101 

4  CYTEC  FIBERITE 
RDUNNE 

D  KOHLI 

MGILLIO 

RMAYHEW 

1300  REVOLUTION  ST 

HAVRE  DE  GRACE  MD  21078 
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NO.  OF 
COPIES 

1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


ORGANIZATION 

USDOT  FEDERAL  RAILED 
M  FATEH  RDV  31 
WASHINGTON  DC  20590 

CENTRAL  INTLLGNC  AGNCY 
OTIWDAGGT 
WLWALTMAN 
PO  BOX  1925 
WASHINGTON  DC  20505 

MARINE  CORPS  INTLLGNC  ACTVTY 
D  KOSITZKE 

3300  RUSSELL  RD  STE  250 
QUANTICO  VA  22134-5011 

DIRECTOR 

NATIONAL  GRND  INTLLGNC  CTR 

lANGTMT 

220  SEVENTH  ST  NE 

CHARLOTTESVILLE  VA 

22902-5396 

DIRECTOR 

DEFENSE  INTLLGNC  AGNCY 
TA5 

KCRELLING 
WASHINGTON  DC  20310 

ADVANCED  GLASS  FIBER  YARNS 
T  COLLINS 

281  SPRING  RUN  LANE  STE  A 
DOWNINGTON  PA  19335 

COMPOSITE  MATERIALS  INC 
D  SHORTT 
19105  63  AVENE 


NO.  OF 

COPIES  ORGANIZATION 

2  COMPOSIX 

D BLAKE 
L  DIXON 
120  0  NEILL  DR 
HEBRUN  OH  43025 

2  SIMULA 

JCOLTMAN 
RHUYETT 
10016  S51ST  ST 
PHOENIX  AZ  85044 

1  SIOUX  MFG 
BKRIEL 
PO  BOX  400 

FT  TOTTEN  ND  58335 

2  PROTECTION  MATERIALS  INC 
M  MILLER 

F  CRILLEY 
14000  NW  58  CT 
MIAMI  LAKES  FL  33014 

3  FOSTER  MILLER 
J  J  GASSNER 

M  ROYLANCE 
WZUKAS 
195  BEAR  HILL  RD 
WALTHAM  MA  02354-1196 

1  ROM  DEVELOPMENT  CORP 

ROMEARA 
136  SWINEBURNE  ROW 
BRICK  MARKET  PLACE 
NEWPORT  RJ  02840 


PO  BOX  25 

ARLINGTON  WA  98223 


COMPOSITE  MATERIALS  INC 
R  HOLLAND 
llEEWELCT 
ORINDACA  94563 


COMPOSITE  MATERIALS  INC 
C  RILEY 

14530  S  ANSON  AVE 
SANTA  FE  SPRINGS  CA  90670 


TEXTRON  SYSTEMS 
T FOLTZ 
M TREASURE 
201  LOWELL  ST 
WILMINGTON  MA  08870-2941 

GLCC  INC 
J  RAY 

103  TRADE  ZONE  DR  STE  26C 
WEST  COLUMBIA  SC  29170 


O  GARA  HESS  &  EISENHARDT 
M  GILLESPIE 
9113LESAINTDR 
FAIRFIELD  OH  45014 


IPS  GLASS 
L CARTER 
PO  BOX  260 
SLATER  RD 
SLATER  SC  29683 
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NO.  OF 

COPIES  ORGANIZATION 

2  MILLKEN  RSCH  CORP 

HKUHN 
M  MACLEOD 
PO  BOX  1926 
SPARTANBURG  SC  29303 

1  CONNEAUGHT  INDUSTRIES  INC 
J  SANTOS 

PO  BOX  1425 
COVENTRY  RI 028 16 

2  BATTELLE  NATICK  OPNS 
J  CONNORS 
BHALPIN 

209  W  CENTRAL  ST  STE  302 
NATICK  MA  01760 

1  ARMTEC  DEFENSE  PRODUCTS 
SDYER 

85  901  AVE  53 
PO  BOX  848 
COACHELLA  CA  92236 

3  PACIFIC  NORTHWEST  LAB 
M  SMITH 
GVANARSDALE 

R  SHIPPELL 
PO  BOX  999 
RICHLAND  WA  99352 

8  ALLIANT  TECHSYSTEMS  INC 

C  CANDLAND  MNl  I  2830 
CAAKHUSMNl  12830 
B  SEE  MNl  1  2439 
N  VLAHAKUSMNll  2145 
R  DOHRN  MNl  1  2830 
SHAGLUND  MNl  12439 
MHISSONGMNll  2830 
DKAMDARMNll  2830 
600  SECOND  ST  NE 
HOPKINS  MN  55343-8367 

2  AMOCO  PERFORMANCE 
PRODUCTS 

M  MICHNO  JR 
JBANISAUKAS 
4500  MCGINNIS  FERRY  RD 
ALPHARETTA  GA  30202-3944 

I  SAIC 

M  PALMER 

1410  SPRING  HILL  RD  STE  400 
MS  SH4  5 

MCLEAN  VA  22102 


NO.  OF 

COPIES  ORGANIZATION 

1  SAIC 

G  CHRYSSOMALLIS 
3800  W  80TH  ST  STE  1090 
BLOOMINGTON  MN  55431 

1  AAI  CORPORATION 

T  G  STASTNY 
PO  BOX  126 

HUNT  VALLEY  MD  21030-0126 

1  APPLIED  COMPOSITES 

W  GRISCH 

333  NORTH  SIXTH  ST 
ST  CHARLES  IL  60174 
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